We have studied the optical and magneto-optical components of the light scattered by the surface of several Fe films with different morphologies. We present a method, based on the ratio between the optical and magneto-optical components of the scattered intensity, to discern the physical origin, either structural or magnetic corrugation, of the light scattered by these ferromagnetic surfaces. Surface versus bulk magnetic information can be separated by magneto-optical light scattering measurements, the scattered light being more sensitive to magnetization differences between surface and bulk than the reflected one.
The magneto-optical Kerr effect has attracted much attention in the last years as a tool to probe the magnetic properties in thin films. Most of the studies extract information from the reflected beam, assigning the concluded properties to the film as a whole entity, and averaging the depth dependence. Nevertheless, lattice distortion or interdiffusion at the interfaces can give rise to strain and hybridization effects that can locally modify the magnetic properties of the film, such as a local magnetization reduction. Recent works studying the diffracted spots from periodic arrays of ferromagnetic structures [1] [2] [3] show that magnetic information such as domain structure and magnetic inhomogeneities can be obtained. Following a different approach, analyzing the magnetooptical component of the scattered light can also be very useful to extract information on the magnetic behavior of surfaces and interfaces. Up to now, most of the work has been devoted to study the pure optical component of the scattered light, 4 -6 which offers information about surface morphology. Nevertheless, little is known about the modification of the intensity scattered by the surface of a ferromagnetic material when a magnetic field is applied. In this letter, we report our observations on the optical and magnetooptical component of the light scattered by a series of Fe samples, and we analyze the origin of the scattering mechanism and the kind of information that this technique could provide.
Single-crystalline Fe͑001͒ layers ͑30 nm thick͒ were grown on MgO buffered GaAs substrates, 7 with 2 nm MgO or Pt capping layers to prevent oxidation. Atomic force microscopy ͑AFM͒ and angle-resolved light scattering measurements 6 ͑He-Ne laser, ϭ633 nm) were used to characterize the samples' surface roughness. The magnetooptical component of the scattered light was extracted using a modulated system that allows the detection of very low scattered intensities: A rotating magnetic field of enough intensity to saturate the sample is applied in the interface plane of the sample, thus forcing the rotation of the component of the sample magnetization in this plane. 8 For a p-polarized incident beam, such rotation produces a variation of the intensity of the p-polarized reflected ͑scattered͒ light proportional to the variation of the component of the magnetization perpendicular to the plane of incidence ͑transversal Kerr effect configuration͒. Therefore, the component of this p-polarized reflected or scattered beam at the frequency of the rotating magnetic field is the corresponding magnetooptical component, while the total intensity is the optical component.
In Fig. 1͑a͒ we present the angular distribution of the optical component of the scattered light intensity (I sc ) in the plane of incidence for a sample with a rough surface. The surface morphology consists of a periodic one-dimensional corrugation oriented along one of the surface axes originating from the GaAs substrate. The period of the corrugation is 1.9 m and its rms roughness is 1.5 nm. The surface also shows a smaller two-dimensional roughness with a rms value of 1 nm. The curve with dots corresponds to the intensity scattered by the sample corrugation and presents two lobes ͓marked with arrows in Fig. 1͑a͔͒ associated with the corrugation period. 6 The curve with squares corresponds to the light scattered by the disordered background roughness in the direction perpendicular to the corrugation, with no characteristic periodicity. Figure 1͑b͒ shows the magneto-optical counterpart (I scmo ) for these two azimuths. Differences be- tween optical and magneto-optical components can be observed: For the magneto-optical part ͑dots͒, the lobe is located at a different angle than for the optical one, which, at a first glance, may suggest different periodicities for surface morphology and magnetization distributions. The I scmo measured perpendicular to the grooves ͑squares͒ shows a structure not seen in the corresponding optical component of Fig.  1͑a͒ . Moreover, I scmo reverses its sign for backscattering angles in both azimuths. However, despite the different surface structure present in the two azimuths, and the differences observed in the distribution between the optical ͓Fig. 1͑a͔͒ and magneto-optical components ͓Fig. 1͑b͔͒, their ratio, plotted in Fig. 2 , is the same for both azimuths. As can be seen in Fig. 2 , this ratio depends only on the angles of incidence and scattering, but not on the surface morphology.
To understand the observed behavior, we have calculated the intensity scattered by a generic ferromagnetic sample. Although scattered light could come from different sources, we assume here that surface roughness is the main mechanism of scattering. Then, if surface roughness is much smaller than the light wavelength, first-order perturbation theory can be applied. We have followed the method presented in Ref. 9 , extended here to ferromagnetic materials ͑the problem geometry is shown in the inset of Fig. 3͒ . The electromagnetic field in a medium j, E j , near the surface can be expressed as a sum of a zeroth-order field ͑the field calculated for a perfectly smooth interface, E j 0 ) and a first-order correction due to the rough interface (E j 1 ). The first-order field satisfies Maxwell equations in medium j, hence, its intensity can be easily calculated from the continuity of the total tangential component of the electric and magnetic fields at the interface. If the system is fully magnetized along the axis perpendicular to the plane of incidence (y axis͒, the intensity of the p-polarized light scattered into the air in the plane of incidence under p-polarized incident light is proportional to
where ⌬E z 0 ϭE air,z 0 ϪE 1,z 0 and ⌬D x 0 ϭD air,x 0 ϪD 1,x 0 are the discontinuities at a smooth interface ͑air/medium 1͒ of the z and x components of zeroth-order electric and displacement fields, respectively; s is the scattering angle; ⌬Z(k 0 Ϫk) is the in-plane spatial Fourier transform of the interface profile, being k 0 ͑k͒ the projections of the incident ͑scattered͒ wave vector onto the (x,y) plane; q s ϭͱ( 1 Ϫsin 2 s ); 1 is the diagonal component of the dielectric constant tensor of medium 1 and Q 1 ϭϪi xz 1 / 1 , with xz 1 the nondiagonal component, which depends linearly on the magnetization in medium 1 along the y axis, xz 1 ϭBm y 1 ; and T is the ratio of the scattered field at the interface in medium 1 induced by reflections in the layers underneath the surface layer and that propagating into the sample: T can be approximated to zero if the optical properties of the surface layer and the layers underneath are very similar.
By using Eq. ͑1͒, we have calculated the Fourier transform of the surface profile from I sc shown in Fig. 1͑a͒, and   FIG. 2 . Ratio between the optical and magneto-optical components of the light scattered by the surface of the same sample as in Fig. 1 , for two angles of incidence, i ϭ5 and 20. Discrete points represent the experimental data, with dots and squares corresponding to the measurements taken with the corrugation perpendicular and parallel to the plane of incidence, respectively. The lines are the theoretical calculations according to Eq. ͑1͒.
FIG. 3. ͑a͒
Ratio of the magneto-optical component of the scattered intensity coming from the surface layer and that coming from the substrate for a system where the magnetization of the surface layer ͑1.5 nm thick͒ differs from that of the substrate ͑the inset shows a schematic representation of the problem͒. ͑b͒ Same as ͑a͒ for the reflected beam.
the obtained function agrees completely with that extracted from AFM measurements, giving the same roughness characteristics ͑corrugation periodicity, rms roughness values͒, which indicates that this component of the scattered light is produced exclusively by the surface roughness for this sample, validating then this assumption in our analysis. On the other hand, Eq. ͑1͒ also shows that the ratio between the difference of scattered light intensities when the sample is fully magnetized along the positive and negative directions of the y axis ͑proportional to I scmo ) and the intensity of the scattered light when the sample is fully demagnetized ͑which can be equalled to I sc , since I scmo is three orders of magnitude lower, as shown in Fig. 1͒ does not depend on the roughness profile (⌬Z), as has been observed experimentally. ⌬E z 0 , ⌬D x 0 , and T depend on the whole structure of the sample, and therefore, simple analytical expressions for this ratio can only be obtained for special cases. The full lines in Fig. 2 represent the theoretical calculation of this ratio, I scmo /I sc , for the sample shown in Fig. 1 . We have used the values of xz for the Fe layer given in Ref. 10 , and the measured values of the complex refractive index. The very good agreement between theory and experiment strongly support the idea that the origin of both components of scattered light is the same: surface roughness. The different structures observed in the magneto-optical component of the intensity of the scattered light ͓Fig. 1͑b͔͒ are not due to differences between magnetic roughness and surface roughness, they are intrinsic to the angular distribution of the magnetooptical component of the scattered light.
Another relevant conclusion that can be extracted from Eq. ͑1͒ is that, with a purely optical technique and for roughness induced scattering, surface and bulk magnetic information can be separated, the scattered light being more sensitive to surface magnetization than the reflected beam. Let us consider, for example, a magnetically inhomogeneous system where the y component of the surface layer magnetization differs from that of the underneath layer ͑substrate͒ ͑see the scheme in the inset of Fig. 3͒ Figure 3 shows such a ratio for a system with a surface layer thickness of 1.5 nm, assuming the same refractive index and magneto-optical constant ͑taken as those of Fe͒ for surface and substrate. The ratio has been calculated for different angles of incidence, and in all cases the scattered light is more sensitive to surface magnetization than the reflected beam. Moreover, the sensitivity can also be tuned by changing the wavelength to probe particular surface layer transitions, therefore, increasing the sensitivity, in a similar way as done in x-ray resonant magnetic scattering. [11] [12] [13] [14] In conclusion, we have presented a method to determine the origin of the magneto-optical component of the light scattered by a ferromagnetic surface. We have shown that surface versus bulk magnetic information can be separated by magneto-optical light scattering measurements, the scattered part being more sensitive to surface magnetization than the reflected one. Therefore, this technique allows analyzing in-depth magnetic inhomogeneities in a simple and easy way, offering also the possibility to be used in situ.
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